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Introduction
The Sahel is a climatically diverse and economically fragile region. The dramatic changes that occurred over Sahelian Africa from wet conditions in the 1950s to much drier conditions in the 1970s-1980s to be followed by partial recovery after the 1980s represent one of the strongest interdecadal climate variabilities and the longest drought on the planet in the twentieth century (e.g., Redelsperger et al. 2007 ; Lebel and Ali 2009; Nicholson et al. 2012) . A significant climate feature in Sahelian Africa is the West African monsoon (WAM), which exerts a strong control on climate variability in the Sahel. Observational evidence has supported the notion that there is strong decadal climate variability in the Sahel and surrounding areas from the 1950s to the 2000s, not only in precipitation, but also in vegetation conditions, land use and land cover (LULC) change, and aerosol loading.
Numerous papers have discussed SST variability in the last century and its links to Sahelian precipitation variability. Relationships between Sahel precipitation and SST anomalies in the Atlantic, Pacific, and Indian Oceans and the Mediterranean Sea 1 have been studied extensively (see a comprehensive review in Rodriguez-Fonseca et al. 2015) . Despite the dominant role of SST anomalies on Sahel climate variability, modeling studies have consistently shown that SST is not the sole forcing of significant Sahel climate variability and other sources of forcing should be considered.
Although a number of atmospheric general circulation models (AGCMs) are able to reproduce the twentieth century drying trend in West Africa and the Sahel dry conditions of the 1970-1980s and subsequent rainfall recovery using the observed SST as boundary conditions, simulated trends and drying are substantially weaker than in the observations (e.g., Giannini et al. 2003; Lu and Delworth 2005; Hoerling et al. 2006 Hoerling et al. , 2010 Lau et al. 2006; Caminade and Terray 2010; Martin and Thorncroft 2014) . For instance, the Climate of the twentieth century international project (C20C, Scaife et al. 2009 ) used 14 state-of-theart GCMs with observed SSTs and other relevant data to study climate variations and changes over the last century. Only two C20C models simulated about half the magnitude of the Sahel rainfall changes between the 1950s and the 1980s. The results of the other models ranged between less than 30 % of the observed precipitation anomaly to even no negative anomalies at all. Scaife et al. (2009) concluded that the Sahel drought was only partly forced by SSTs in their experiment, which did not reproduce the magnitude of the Sahel drought. In spite of previous efforts to evaluate the SST contribution, a number of important questions remain unanswered. For instance, do different ocean basins provide a similar contribution to Sahelian precipitation variability or are some basins more influential than others? Rodriguez-Fonseca et al. (2015) pointed out that aspects on these questions remain open. The results obtained so far appear to be highly model dependent (e.g. Scaife et al. 2009; Biasutti et al. 2008) . The possible nonlinearities in the atmospheric response to different SST anomalies and interactions among the basins complicate the problem (Hagos and Cook 2008) .
In addition to SST effect, the Sahel has been identified as the region in the world where climate is most sensitive to land/atmosphere interactions through vegetation and soil processes (e.g., Koster et al. 2004; Xue et al. 2004b Xue et al. , 2010a ; see also reviews in Xue et al. 2004a Xue et al. , 2012 . The C20C experiment also noted that the two models that captured the large change in Sahel rainfall include land surface effects via either parameterized vegetation-climate interactions or specified land use and land cover changes (LULCC). The present study evaluates and compares the effects of both SST and land surface processes (mainly through LULCC experiments) on the Sahel decadal variability in precipitation, surface temperature, atmospheric circulation, and surface energy balance, especially during the drought of the 1980s. This comparison has not been conducted before. The Sahel decadal precipitation anomalies between the 1980s and the 1950s are used to characterize the Sahel 1980s drought in this study.
While a careful comparison of the contributions of SST, land, and other forcings to the Sahel drought is imperative to unravel the root causes of the long-term variations of the Sahel climate, it has not been performed in multi-modeling contexts. Our approach is based on the examination of the results from the West African Monsoon Modeling and Evaluation Project Experiment II (WAMME II). Since it is challenging to simulate the spatial dimensions, temporal evolution, triggering and strength of the West African Monsoon (WAM) system (e.g., Hourdin et al. 2010; Roehrig et al. 2013) , in the first WAMME experiment (WAMME I), we comprehensively evaluated the performances of WAMME GCMs and RCMs in simulating the variability of West African monsoon (WAM) precipitation, surface temperature, and major circulation features at seasonal and intraseasonal scales (Xue et al. 2010a; Druyan et al. 2010; Boone et al. 2010 ). The results indicated that, despite deficiencies in many aspects, the WAMME models generally produce reasonable simulations of the spatial distribution of WAM seasonal mean precipitation and surface temperature and their temporal evolution, as well as some major circulation features (Xue et al. 2010a ). The results from the WAMME I experiment provide a solid foundation for us to work further in the WAMME II experiment.
In this study, we examine whether the reported influence by the global SST and by individual Oceans' SST on the Sahel climate is simply an artifact of sampling variability or whether such an influence reflects genuine and interesting long-term changes in the climate system. The differences in seasonal WAM features at different decades are also evaluated. Another issue addressed is whether the drought was primarily due to natural multi-decadal modes of variability in the SST patterns or the results of anthropogenic effects. The objectives in this WAMME II paper are to provide a basic understanding of the issues related to SST; and to assess the relative contributions of forcings in SST and land surface processes in producing/amplifying Sahelian seasonal and decadal climate variability. In the following text, Sect. 2 introduces the GCMs and the design of the WAMME II experiment. Section 3 evaluates the impact of SST anomalies in the world ocean and individual ocean basins on Sahel climate variability, including precipitation, surface temperature, surface energy balances, and some major circulation features. The SST and LULCC effects are also compared. Section 4 summarizes results and discusses key issues for future studies.
WAMME models and WAMME II experimental design
The WAMME II project comprises 8 GCMs (Table 1) (Kanamitsu et al. 2002b; Xue et al. 2004b ) and the UCLA AGCM have the same land surface scheme. More information on the physical components of participating models, including land surface models, can be found in Tables 1 and 2 . Among eight GCMs, the HadGEM2-A GCM (Pope et al. 2000) only participated in testing the LULCC effect. Two versions of the GSFC GEOS-5 have participated in the WAMME II experiments. In the SST experiments, the GSFC model includes the GOCART aerosol model (NASA Goddard Chemistry Aerosol Radiation and Transport, Chin et al. 2000 Chin et al. , 2002 . The GEOS-5 provides two sets of results with different aerosol optical properties (referred to as GEOS-5 I and GEOS-5 II in this paper). In the GEOS-5 LULCC experiment, a catchment model is used with the land surface scheme (Koster et al. 2000) . Except for the ICTP-UMD GCM, other WAMME II models have been validated in the WAMME I for their ability in simulating WAM precipitation and circulation (Xue et al. 2010a ).
The WAMME II models' ability to model the West African climatology is outlined in the electronic supplement of this paper. The WAMME II also includes regional climate models (Table 2) . Results from RCM in relation to monsoon response to LULCC and biomass burning are presented in separate papers (Hagos et al. 2014; De Sales et al. 2015; Wang et al. 2015) . The WAMME II control simulation (referred to as Case CTL) uses January 1, 2006, as the initial condition and time-varying climatological SSTs as boundary conditions. The models were integrated for 6 years and results that will be presented correspond to the average of the last 5 years. Since climatological SST is used and the first year's results are discarded, the effects of initial conditions Molteni (2003) Molteni (2003) SL and-VEGAS (Zeng et al. 2000 (Zeng et al. , 2003 (Zeng et al. , 2005 Japan MRI/JMA AGCM (Mizuta et al. 2006) Masahiro Hosaka, 
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Catchment model (Koster et al. 2000) Aerosols from GOCART data UCLA AGCM (Mechoso et al. Woodward (2011) are minimized. The ITCP-UMD GCM has a dynamic vegetation model that requires a 50-year model spin up; results presented here correspond to the last 50 years of simulation. By using the equilibrium type test, models should have less internal variability and produce clearer signals, which will facilitate understanding of the relevant mechanisms. The initial conditions for the atmosphere in the WAMME II experiment are from the NCEP/DOE (National Center for Environmental Prediction/Department of Energy) Reanalysis II (Kanamitsu et al. 2002a ). This Reanalysis version includes corrections of human processing errors and incorporates upgrades to the forecast model and a diagnostic package that had been developed since the time the Reanalysis I was finalized.
To test the impacts of SST and land forcings, the WAMME II strategy is to apply observational data-based prescribed anomaly forcing, i.e., "idealized but realistic" forcing, in GCM and RCM simulations. To analyze the effect of SST anomalies on Sahel precipitation, long-term variations of global SST associated with the decadal dry and wet spells of Sahel rainfall are reconstructed using SVD analysis. Annual cycles are removed based on 60-year monthly averages for . To minimize the effect of interannual variation of SST, the ENSO signal is removed based on linear regression between SST anomalies at each grid and the NINO3.4 SST anomaly index. Possible residuals associated with the ENSO signal as well as shorter timescale variations are further reduced by applying a 13-month moving average. SVD is then applied to ENSO-free global SST and Sahel rainfall anomalies. Figure 1a and b show the first singular value decomposition mode (SVD1) for global SST and WAM rainfall respectively, while Fig. 1c display the times series of the first principal components (PC1s). SVD analysis depicts the common patterns between two variables (Wallace et al. 1992; Weng et al. 1999) . SST and rainfall data used in the figure are from the Hadley Centre Sea Ice and Sea Surface Temperature data set (Rayner et al. 2003 ) and the Climate Prediction Center's global gauge-based analysis of precipitation (CPC GTS, Chen et al. 2002) , respectively. The leading SVD mode, which explains a significant covariance (67.2 %) between SST and rainfall, captures the well-known patterns of inter-decadal variation of SST and associated change in rainfall over the Sahel. The interhemispheric asymmetry of SST anomalies in the Atlantic Ocean and associated SST trends in the Indian Ocean and the Mediterranean Sea as displayed in Fig. 1a , c are consistent with results of previous studies (e.g. Lamb 1978; Folland et al. 1991; Carton et al. 1996; Janicot et al. 1998; Rowell 2001; Joly et al. 2007; Hastenrath and Polzin 2010) . The second SST mode (8.7 %) shows a globally homogeneous spatial pattern associated with rainfall change in the southern Sahel (5°N-12°N) and the PC2 has RegCM4.1 (with CLM4) G. Wang 50 km CCM3 radiation (Kiel et al. 1996) Emanuel (1991) Holtslag et al.
Emanuel (1991) and Pal et al.
CLM4 ( a weak trend only after the mid-1970s. The third SST mode only explains 4.5 % variance. The second and third SVDs are not considered in our construction of the SST forcing as discussed below. In WAMME II, the amplitude of the SST forcing field is required to be both realistic and strong enough to achieve a robust model response, and to be consistent with that used in other sensitivity experiments (e.g., LULCC and aerosol). To emphasize the effect of decadal SST change on the Sahel rainfall between the 1950s and 1980s, the maximum value in the time series of PC1 in the 1950s and the minimum value in the 1980s are used to reconstruct the SST anomalies for those decades. This design is consistent with the "idealized but realistic" strategy of WAMME II. Figure 1d shows the difference between reconstructed SST anomalies for the 1980s and 1950s. The distribution and amplitude of SST anomalies are both comparable to those in previous studies (e.g., Lu and Delworth 2005; Mohino et al. 2011) . These anomalies are added to the 60-year monthly averages of 1950-2009 to construct an annual cycle of SST for the 1950s and the 1980s. Since the primary interest is on decadal variability, constant SST anomalies in time are superimposed on the SST seasonal cycle. In WAMME II, model runs similar to Case CTL but with the prescribed SST anomalies for the 1950s and the 1980s are referred to as Case 50SST and Case 80SST, respectively. In these two runs, except for the SST conditions, other initial atmospheric and boundary conditions are the same as in Case CTL. The model results are bi-linearly interpolated to the 0.5° CPC GTS (Chen et al. 2002) grid for comparison. We use Reanalysis I for comparisons with simulation in the following text because only this reanalysis dataset dates backs to the 1950s.
The WAMME II also investigates the impact of SST anomalies in different ocean basins. The SST effect from one ocean basin over the Sahel could be direct (i.e., via teleconnections) or indirect (i.e., through interaction with atmospheric anomalies caused by SST anomalies in other ocean basins; then this interaction affects the Sahel climate variability via teleconnections) (e.g., Hagos and Cook 2008 ). If we simply added one ocean's anomaly, this indirect effect may be missing (because other ocean's anomalies are not imposed). Our approach was specifically designed to accounts for both direct and indirect effects of each ocean's SST anomalies. The approach we use in WAMME II consists of starting with the global 1950 SST anomalies and the global 1980 SST anomalies in the cases that we will refer to as Case 50SST and Case 80SST, respectively, which preserves the influence due to interactions of atmospheric circulation caused by different oceans' SST anomalies; next, we eliminate the anomalies of SST forcing from a single basin (Atlantic, Indian, Mediterranean, or Pacific, respectively) in the global 1950 SST/1980 SST anomalies and perform simulations with the remaining SST anomalies. To obtain the effect of, for instance, the 1980s Atlantic SST anomaly, we calculate the difference between Case 80SST and the case, which SST anomalies is based on the global 1980s SST anomaly but without Atlantic Ocean's 1980s SST anomaly. This results in consideration of both direct and indirect effects of SST anomalies in the Atlantic, because when the forcing of a particular ocean SST is removed, both direct and indirect effects from that ocean's anomaly are eliminated. How large the difference might be or whether there is substantial difference between this and other traditional approach (i.e., adding each ocean's SST anomaly one by one) needs to be further investigated.
The WAMME II also includes an experiment to evaluate the sensitivity of the West African climate to LULCC and to compare the effect of LULCC on the Sahel rainfall reduction with that of SST anomalies. A similar strategy as in the SST experimental design, i.e., "idealized but realistic" anomalies, is applied to the LULCC experiment, in which a recently available land use map is employed (Hurtt et al. 2006) . This map, which combines crop and pasture area change in past centuries over West Africa, was derived from global land-use history products (Goldewijk 2001; Ramankutty and Foley 1999) and employed for Phase 6 of the Coupled Model Intercomparison Project (CMIP6) LULCC experiment (Hurtt et al. 2011 ). The land map shows a clear pattern of substantial land use change over the Sahel in the past century but LULCC largely levels off after the 1980s (Song 2013) , which is generally consistent with the significant population increase, climate effect, and conservation measures in the late last century there. This part of the work is comprehensively analyzed in Boone et al. (2016, in this special issue) . The initial atmospheric and boundary conditions, including SST, in the LULCC experiment are the same as in Case CTL in order to isolate the LULCC effect. A brief introduction of the LULCC experimental design and a comparison between the LULCC experiment runs (referred to as Case LULCC) and the SST runs will be discussed in Sect. 3.3.
Results
The impact of SST on the Sahel decadal variability and drought and its comparison with the effects of LULCC are analyzed in this section. Drought has a number of generally accepted definitions, such as meteorological, hydrological, agricultural, etc. The Sahel drought has already been studied extensively and there is no debate concerning whether or not this was a severe drought regardless of the chosen definitions. In this paper we are primarily interested in the meteorological aspects of the Sahel drought, and use the precipitation reduction from the 1950s to the 1980s to characterize the drought in the paper.
SST impact on the WAM spatial distribution
and temporal evolution
Spatial anomaly patterns
The observed June-September (JJAS) precipitation, which is based on the CPC GTS, has a clear zonal pattern with three areas associated with high precipitation: one in the West African coastal area, one in the Ethiopian highlands, and another in Cameroon and Nigerian coastal areas ( isohyet crosses the Sahel around 13°N, where Lake Chad is located. The WAMME II models ( Fig. 2d -j, Figure ES1 in the Electrical Supplement) produce the precipitation highs over the West African coastal area and the Ethiopian highlands, as well as, except the UCONN CAM5, the high amount of precipitation near the Nigerian and Cameroon coastal area but with some differences in their geographical locations. In most models, the 3-mm day −1 zonal isohyets accurately cross Lake Chad. The UCONN CAM5's 3-mm day −1 isohyet, however, is about 2°-3° north of 13°N; while the GSFC GEOG-5 produces the 3-mm day −1 isohyet along 13°N over West Africa. Over the eastern Sahel, however, this isohyet is about 2°-3° to the south of 13°N. In the ensemble mean (Fig. 2k) , the two precipitation highs in eastern and western Sahel, as well as the 3-mm day −1 isohyet along 13°N, are adequately reproduced. The high precipitation over the Nigerian and Cameroon coastal area, however, is slightly weaker mostly because the precipitation high of each model have a slightly different geographic location there (Fig. 2k , Figure ES1L ). The main WAM precipitation band reaching sufficiently north is important in testing the models' response to SST and LULCC forcing. In Fig. 2 , we display the 1-mm and 3-mm day −1 isohyet positions to examine the extent of the boreal summertime northward migration of the primary rainfall.
The observed JJAS precipitation differences between the 1980s and the 1950s show a severe deficit that represents the drought in the Sahel during the 1980s (Fig. 2b ). The observation clearly shows a meridional dipole pattern. The areas with the most extensive precipitation deficits are over the latitude band between about 10°N and 20°N, mostly to the north of the 6-mm day −1 isohyet in the climatology.
To the south of this region, i.e., along the coastal area of the Bay of Guinea, there are positive anomalies ( Fig. 2b) , which indicates that the rainfall band in the 1980s was shifted to the south (Xue and Shukla 1993) ; thus the northern part of the monsoon precipitation band suffered the largest precipitation deficit associated with the drought. According to Fig. 2b , the maximum rainfall deficit was over West Africa. The average precipitation deficit between 10°N and 20°N and 10°W and 10°E, which covers most of the West African severe drought area and is referred to as the Reference Area in this paper (marked by a rectangle area in Fig. 2a ), was 1.41 mm day
, which represents about a reduction of about 44 % compared with the climatology of the past 60 years (Table 3) . Meanwhile, both positive and negative anomaly areas show strong spatial heterogeneity with many small peak cells. This pattern has been confirmed by the analysis based on rain gauge data and the small cells may reflect the natural variability of mesoscale convective activity (Le Barbé et al. 2002 ) that is missed due to the relatively low resolution of the GCMs. Table 3 also consists of the statistics for other observational data sets, which include the University of Delaware (UDel, Willmott and Matsuura 1995) and the Climate Research Unit (CRU, New et al. 1999 ) monthly mean precipitation data sets. These two data sets represent very similar spatial precipitation differences between the 1980s and the 1950s (Appendix Fig. 15 ) but with less intensity (Table 3 ). Since we used the GTS data to conduct the SVD analysis, we will mainly compare the simulations with the GTS data in this paper. The NCEP/NCAR Reanalysis I (Fig. 2c) shows a strong precipitation deficit (−1.43 mm day −1 over the Reference Area), comparable to the observed. However, despite the generally proper spatial coverage and intensity of the precipitation deficit over the Reference Area in the Reanalysis climatology (except for the missing precipitation high in the Cameroon and Nigerian coastal areas), the dominant drought areas are over the eastern Sahel and there is a large positive anomaly in eastern Central Africa and a positive anomaly in some northern West African areas, which were not found in the observation (Fig. 2b, Figures A1b and c) . The relative reduction over the Reference Area is 51 % compared with the Reanalysis climatology, higher than the observed relative reduction (44 %, Table 3 ).
The simulated precipitation differences between Case 80SST and Case 50SST capture reasonably well the zonal rainfall deficit patterns associated with the drought with maximum strength over West Africa, but with different intensities and different features of spatial distribution of anomalies ( Fig. 2d-j) . For the WAMME II models, the precipitation reductions compared to their own climatology range from 7 to 53 % (Table 3) . Among the models, the MRI/JMA GCM, UCLA AGCM, and UCLA GFS GCM, which adequately simulate the 3 mm day −1 isohyet ( Fig. 2 ) and intensity in model precipitation climatology (for the first two models), show the larger impacts; while the NASA GEOS-5 GCM produces the least precipitation reduction over the Reference Area because its main rainfall reduction area is shifted to the south of that area. Nevertheless, the models show overall consistency in the positive effect of SST on rainfall reduction, especially over West Africa. Due to the coarse model resolution and the lack of mesoscale convective activity in GCMs, the drought patterns are much more spatially homogeneous than observed. The ensemble mean (Fig. 2k) indicates that with maximum SST forcing, the models reproduce about 60 % of the absolute amount of drought, 0.86 mm day −1 (Table 4) , which is about a 27 % reduction of the model climatology (compared with 44 % reduction in observation) (Table 3 ). It should be pointed out that the climatology of the ensemble mean's precipitation is actually equal to the GTS's climatology (Table 3 ). In Fig. 2 and the following Fig. 3 , the absolute differences larger than 0.5 mm day −1 are statistically significant at α < 0.1 level with a 2-tailed T-test for the SST ensemble means. When we compute the ensemble mean, the GSFC GEOS-5 I and II results are averaged first to become one sample member in the ensemble mean.
The areas with positive anomalies are much smaller in most models as well as the multi-model ensemble mean than observed, mostly over the southwestern West African coast. Only the ICTP-UMD model, which has the 1 mm day −1 isohyet reach sufficiently north and simulates three precipitation highs in its climatology (Fig. 2f) , produces a strong dipole pattern, albeit the positive anomaly is too strong in eastern Central Africa compared to the observation. However, the UCLA AGCM, which also produces these features in its climatology, fails to produce the dipole in West Africa at all. The SST anomaly mode imposed on the SST forcing is based on an SVD analysis and the precipitation SVD1 does not show a strong positive anomaly along the coastal area (Fig. 1b) . In addition, the SST variability associated with the interannual variability was filtered as discussed in Sect. 2. These factors may also contribute to the relatively weak positive anomaly in the simulation.
It should be pointed out that, since we also expect other external forcings such as LULCC to play a role in the decadal variability as will be discussed in Sect. 3.3, the rainfall reduction produced by SST forcing should be weaker than observed and the simulated spatial anomaly patterns may not be exactly the same as observed. However, the model results from the WAMME II experiments seem to support a stronger SST role in the Sahel drought when compared with the results from previous model inter-comparisons with SST forcing (e.g., Scaife et al. 2009 ).
The WAMME II also examines the effects of individual oceans. The relative importance of SST anomalies in different basins on Sahel rainfall has still been greatly debated (Rodriguez-Fonseca et al. 2015) . Due to the scope of this paper, we mainly report the consensus and major discrepancies of the WAMME II results on the oceans' effects. The ensemble-mean simulated contributions of individual ocean basins are shown in Fig. 2l -o. The Pacific Ocean SST generates the largest impact (Table 4 ; Fig. 2o ). In fact, all WAMME models produce a pattern with negative anomalies (not shown) due to the Pacific SST forcing similar to their corresponding ones for the global SST effects shown in Fig. 2 , but with less intensity. SST anomalies in the Pacific alone produce about 35 % of the observed precipitation reduction, with strongest effects in West Africa and the western part of Central Africa. The Indian Ocean SST has the second largest impact, which accounts for about 23 % of the observed drought, with the main impact area over the central Sahel and also the western part of Central Africa (Table 4 ; Fig. 2m ). There is an area with substantial and positive precipitation anomalies over eastern Central Africa, which does not have a counterpart in the observed differences between the 80 s and the 50 s. The WAMME models show little discrepancy in the Indian Ocean SST effect. Most models produce the drought with the Indian Ocean SST anomaly, with the NASA GEOS-5 being the only exception. The important role of the warming trends of the Pacific and Indian SSTs in contributing to the Sahel drought during the late twentieth century has been identified in a number of studies (e.g., Tippett and Giannini 2006; Caminade and Terray 2010; Mohino et al. 2011; Bader and Latif 2011) , and the WAMME II results are generally in line with these studies.
The Atlantic SST anomalies (Fig. 1d) , which resemble the Atlantic Niño pattern (e.g., Carton et al. 1996) , result in precipitation reduction over West Africa, the central Sahel, and parts of Nigeria and Cameroon and a very pronounced positive anomaly in the southwestern coastal area of West Africa in the WAMME II simulation (Fig. 2l) . Several papers using different methodologies have shown that positive SST anomalies (Atlantic Niños) induce a dipole pattern of precipitation anomalies consisting of positive values along the coast of Guinea and negative ones over the Sahel (e.g., Horel et al. 1986; Wagner and Da Silva 1994; Fontaine and Janicot 1996; Ward 1998) . For a warming in the Atlantic, some studies show how this dipole is the result of a weakening in the sea level pressure gradient between ocean and land and, hence, in a southward shift of the ITCZ from its climatological position, which translates into more rainfall over Guinea and less rainfall over the Sahel. However, substantial discrepancies in simulating the Atlantic SST effect among AGCM models have been reported in Losada et al. (2010) . The WAMME models also show quite large discrepancies in simulating Atlantic SST effects: while the GSFC GEOS-5, the MRI/JMA, and the UCLA AGCM show a large impact over West Africa, the ICTP-UMD GCM, the UCLA GFS, and the UCONN CAM5 show reduction in precipitation only over the eastern Sahel and some positive precipitation anomalies over West Africa (Appendix Fig. 16) . Moreover, each model shows negative anomalies but with large variability in the locations of dry areas over the Reference Area, such that overall the Atlantic SST produces only a weak precipitation reduction in the ensemble mean.
The simulated effects of Mediterranean Sea SST forcing are quite diverse among the models. While the ICTP-UMD, the MRI/JMA, the UCLA AGCM, and the UCONN CAM5 show negative precipitation anomalies with the Mediterranean SST, the GSFC GEOS-5 GCM and the UCLA GFS show strong positive anomalies (Appendix Fig. 17) , which largely cancel out the negative anomalies produced by the other models. Overall, the ensemble mean does not capture any signal (Fig. 2n) . Rowell (2003) demonstrates that increased evaporation over positive SST anomalies over the Mediterranean Sea leads to increased moisture content in the lower troposphere, which is advected southwards into the Sahel by the low-level flow across the eastern Sahara, resulting in stronger moisture convergence and precipitation over the Sahel. The negative SST anomaly there should produce the opposite results. Fontaine et al. (2010) also confirmed this relationship. We checked each model's results and found that models that produce the dry conditions with the Mediterranean SST anomaly have such a feature and models that do not show the Mediterranean SST effect produced the opposite wind flow. We report the WAMME II results' major discrepancies for these two ocean SST effects in this paper for a record to show the current status of the state-of-the-art WAMME GCMs' performance. A comprehensive analysis of the causes of these discrepancies is beyond the scope of this paper and will be the subjects of further study.
Temporal evolution
SST effects are also manifested in the annual evolution of precipitation. Figure 3a , b show the annual evolutions of the observed climatological precipitation and of the difference between the 1980s and the 1950s, respectively, averaged over 10°W and 10°E. The annual evolution of precipitation and its anomaly follows the ITCZ movement. The anomaly starts developing in winter and spring. After the West African monsoon jump in late June (Fig. 3a, b) , a strong dry anomaly peak appears during the summer monsoon season and the early monsoon retreat; meanwhile, a positive anomaly to the south after the monsoon jump is also evident. Later, in the fall, there is no substantial anomaly. The areas associated with large precipitation anomalies are mostly located to the south of the 1 mm day −1 isohyet. Past studies have suggested that differential heating of the northern and southern hemisphere may lead to a meridional shift of the ITCZ, creating the dipole rainfall anomaly in the WAM/Sahel (Xue and Shukla 1993; Zhang and Delworth 2006; Knight et al. 2006; Ting et al. 2011) . The WAMME II models generally capture this anomaly evolution, albeit with significant different spatial and temporal characteristics among individual models, including the Reanalysis I (Fig. 3c, j) . The Reanalysis I shows little latitudinal movement for both its climatology and anomalies during different seasons, with negative anomalies persisting throughout the entire year over West Africa and positive anomalies over southern West Africa over spring and summer (Fig. 3c) . The evolution of the GEOS-5 II is mostly confined to the south of 10°N, while that of the UCLA AGCM extends much further north of 20°N. In general, the model-simulated anomalies are located to the south of the 1 mm day −1 isohyet. The model-produced anomalies are stronger than the observed during the periods before and after the monsoon season (Fig. 3d-k) , which is probably due to our experimental design, i.e., imposing the same SST anomaly for every month (Sect. 2). Another noticeable difference is that most WAMME models, except for ICTP-UMD, do not show a positive precipitation anomaly in summer to the south of the Sahel. By and large, the anomaly evolution process is properly produced as shown in the ensemble mean (Fig. 3k) , but the maximum rainfall suppression during the monsoon season is weaker than observed. We expect that other external forcings also contribute to the drought. Most pre-monsoon and monsoon onset studies focus on May or, at the earliest, April (e.g., Sultan and Janicot 2000) . This study reveals that the SST forcing produces an anomalous displacement of the ITCZ before the WAM onset; the precipitation anomaly starts to develop much earlier when the ITCZ is still near the equator under the SST effect. Since the WAMME II simulated annual evolution processes, the results suggest a potential predictability for WAM precipitation linked to SST.
The effects of SST anomalies in different oceans on the anomaly evolution show different characteristics. The Pacific Ocean's effect is strong mainly during the monsoon season and after the retreat (Fig. 3o) . The average precipitation reduction over West Africa (8°N-20°N and 10°W-10°E) during June to October is 0.54 mm day −1 . In particular, during September and October, it is 0.72 mm day −1 . During other seasons, the reduction over West Africa varies from 0.01 to 0.13 mm day −1 . The effects are small during the ITCZ northward movement from January to May. The precipitation reduction averaged over 5°S to 8°N and −10°W to 10°E is only 0.16 mm day −1 . The Atlantic Ocean's effect (Fig. 3l) acts throughout the entire year with distinct dipole patterns and intermittent pulses but is relatively weak. The role of Atlantic SST in producing this dipole has been discussed in several studies (e.g., Knight et al. 2006; Mohino et al. 2011; Dieppois et al. 2013 ). The Indian Ocean SST (Fig. 3m) has the largest impact in the winter and early spring during the period when the ITCZ moves northward. During January-May, the mean precipitation reduction is −0.97 mm day . The results here suggest that variability in the Indian and probably the Atlantic Ocean plays an important role in triggering the West African monsoon anomaly by contributing to the ITCZ anomalous displacement and modulating atmospheric circulation well before the monsoon onset, while the Pacific Ocean SST anomaly greatly contributes to the summer drought. We will discuss this issue further in the mechanisms section. The Pacific and the Indian Oceans' contributions over the Reference Area, on which the WAMME II models have consensus, are summarized in Table 4 .
Taylor analyses
To further quantitatively evaluate the WAMME models' performance in simulating the difference between the 1980s and the 1950s precipitation, we use a Taylor diagram (Taylor 2001) that encapsulates statistical comparisons of the WAMME model runs' spatial anomaly pattern as well as temporal variability with the observed anomalies (Fig. 4) . For comparison, UDel and CRU are also shown in this figure. The results in the figure are based on the June-throughSeptember monthly mean differences over the 5 years at every grid cell over the land points within 20°W-30°E and 8°N-25°N. The JJAS mean difference between Case 80SST and Case 50SST for each model is removed when calculating root-mean-square-error (RMSE). Therefore, this diagram does not directly show the model bias from the observed difference between the 1980s and the 1950s as listed in Table 3 . The position of each symbol appearing on the plot quantifies how closely model's simulated and observed precipitation differences and their variability match CPC GTS observations (Fig. 4) . The standard deviation, correlation coefficient, and RMSE are used to evaluate the model's performance (see Xue et al. (2010a) for more detailed explanations for the Taylor diagram analysis). The closer the model's symbol to the observation point, the better the simulation is. The point representing GTS is located at the unit distance of the horizontal radius (red dot in Fig. 4) ,
The figure shows that models standard deviations and RMSE are close to observation. The models with the best standard deviation results include the UCLA AGCM, UCONN CAM5, and MRI/JMA. The GSFC GEOS-5 models exhibit the lowest standard deviations and low correlation coefficients among the models because their simulated droughts areas shift to the south compared with observed. The correlation coefficients for most models are in the range 0.4-0.6, which is less than the correlations between GTS and other observational data sets, ~0.8. The best correlated results are those generated by the ICTP-UMB and the UCONN CAM5 models, with coefficients equal to 0.52 and 0.58, respectively. However, the ensemble mean shows superior performance and its difference from GTS is consistent with other observational data sets. The ensemble mean's RMSE, standard deviation, and correlation coefficients are 0.67, 0.9, and 0.75, respectively, which is comparable to UDel's 0.62, 0.92, 0.79 and CRU's 0.62, 0.80, and 0.92, respectively. Meanwhile, the Reanalysis I shows large discrepancy with the observations. Although its correlation coefficient, 0.48, is similar to other models, the Reanalysis I exhibits much larger RMSE (3.85) and standard deviation (4.23), as it overestimates the precipitation difference and places maximum rainfall deficit to the east of the observed location. By and large, the Taylor diagram suggests that the WAMME II models' results are generally quite consistent and the impacts produced by the ensemble mean probably properly represent the best approximation to observations.
Impact of SST on circulation and surface energy balance
SST anomalies remotely affect WAM precipitation by modulating the regional circulation. This section focuses on this modulation and changes in associated processes. As discussed in the previous section, the ensemble mean represents the WAMME models' consensus on the SST effect and shows its difference from the CPC GTS (after removing the bias in simulating the difference between the 80 s and the 50 s) is comparable to other observational data sets (Fig. 4) ; hence we mainly discuss the results from the ensemble mean. In fact, WAMME I also shows that WAMME multi-model ensembles have produced good WAM seasonal mean precipitation and surface temperature spatial distribution, intensity, and variability, better than reanalyses in many respects when compared with observations (Xue et al. 2010a, b) . Therefore, the impact characteristics shown in the ensemble mean probably are more suitable to apply for interpretation of the simulated impact in this study. Different characteristics of different models will be discussed only when the model(s) exhibit abnormal features compared with the ensemble mean. The discussions in this section emphasize the global SST results and identify the oceans that the WAMME models have consensus and contribute to the major characteristics of the global SST effects. The mechanisms discussed in this section will be compared with those from the LULCC effect, which will be presented in the following section. Low-level moisture transfer is an important feature in WAM development. The JJAS low-level wind vectors and sea level pressure from the ensemble mean in Case CTL are shown in Fig. 5a . The relatively low sea level pressure over ~0°W to 5°E and ~20°N to 30°N is well simulated. Westerly and southwesterly flow from the Atlantic brings moisture into West Africa, which merges with northeasterly Harmattan winds, generating convergence in the Sahel during the monsoon season. Figure 5a accurately produces the major features as shown in the NCEP Reanalysis I climatology (Fig. 5b) . The difference between Case 80SST and Case 50SST due to global SST effect shows that southwesterly flow in the West African coastal area becomes weaker, northeasterly flow becomes stronger, and sea level pressure over the Sahara becomes higher (Fig. 5c) . The NCEP Reanalysis I also shows similar features (Fig. 5d ), but with a much larger wind and sea level pressure difference over the African continent, which may be due to NCEP Reanalysis I data issue associated with sea level pressure data in 1950's and early 1960's (Yang et al. 2002) . To more clearly delineate the circulation change, Fig. 6 shows the latitude-height JJAS mean streamlines and their differences between the Case 80SST and Case 50SST ensemble means. The average of zonal wind or zonal wind difference are shown in shading in Fig. 6 to help comprehend the following discussions.
Due to higher temperature over the land surfaces in the warm season, the monsoon inflow is seen near the surface between 5°N and 20°N, with ascending motion across these latitudes (Fig. 6a) , contributing to the major WAM precipitation. Meanwhile, the northerly flows that occur in the middle troposphere between ~15°N and 22°N around 600 hPa as well as over the region of deep convection (~5°N-10°N) at ~200-250 hPa correspond to the African easterly jet (AEJ) and to the tropical easterly jet (TEJ) (Fig. 6a) , respectively. Those simulated features are quite consistent with the Reanalysis I (Fig. 6c) . Compared to Case 50SST, Case 80SST has a shallow layer with relatively stronger rising air between ~13°N to 20°N (Fig. 6b) , which is associated with high surface temperature there as will be discussed later. This rising motion converges with the widely spread relative sinking motion above 800 hPa, which is associated with the relative divergence over most parts of the Sahel and the reduction in precipitation, enhancing the northerly flow around 700 hPa. The southern flank of AEJ is enhanced and the northern flank of AEJ weakens. Near the equator, the relative sinking motion induces a relative southerly flow near ~200 to 300 hPa, weakening the TEJ, which is consistent with climate features in the Sahel dry years: a stronger AEJ or a southward shift of its location as well as a weaker TEJ favoring more precipitation over the Guinea coastal region and less precipitation over the Sahel (Xue and Shukla 1993; Cook 1999) . The WAMME II ensemble mean of Case 80SST minus Case 50SST correctly reproduces these climate features associated with the Sahel drought. The Reanalysis I, on other hand, does not capture these features and, instead, exhibits widely spread and very strong zonal wind changes (Fig. 6d) that have not been reported in any analyses on WAM variability. Among the WAMME II models, most produce a circulation change similar to the ensemble mean, while the ICTP-UMD GCM has a distinct response with a homogeneous sinking to the north of 12°N and uniform rising motion to the south; no horizontal wind change appears. Among the four oceans examined, the circulation changes due to the Pacific SST and Indian Ocean SST seem to be more similar to the aforementioned climate features (Fig. 6b, e, f) .
Moisture flux convergence and surface evapotranspiration (ET) are the main moisture sources for precipitation. Reanalysis I shows the largest change in vertically integrated moisture flux convergence (VIMFC), which amounts to about 80 % of the simulated changes in precipitation between the 80 s and the 50 s, and relatively low ET change amounting to about 20 % (Table 3) . Both VIMFC and ET are model products in the Reanalysis and depend on its land model. Our previous WAMME I study shows that the surface heat fluxes, including the latent heat flux, in the Reanalysis products have large discrepancies with the products of the AMMA land-surface model intercomparison project (ALMIP) based on the AMMA observation over West Africa . The low ET to precipitation ratio here may result from the simple land model in Reanalysis I. Our earlier studies suggest that the GCM coupled with this simple land scheme has difficulties with land/atmosphere interactions (Xue et al. 2004b (Xue et al. , 2010b . In addition, Fig. 6d shows that the southerly wind at ~600 hPa is enhanced in Reanalysis I in the 1980s, which is at odds with the climate features during the dry years (Fig. 6b) . Discrepancies in producing the shallow meridional circulations in the Reanalyses data in the West African region have been reported (Zhang et al. 2008) .
The reductions between Case 80SST and Case 50SST of the VIMFC and ET under global SST forcing range from about 50-80 and 50-20 %, respectively, of each WAMME II model's precipitation difference (Table 3 ). For the model ensemble mean, VIMFC accounts for 65 % of its precipitation difference and ET for 35 % (Table 3) . Among the models, the GSFC GEOS-5 GCM and UCLA AGCM show high ET/precipitation ratio, about 50 %, and the UConn CAM5 shows the lowest ET/precipitation ratio, (~22 %). The SST anomalies affect Sahel precipitation through modulating the large-scale circulation. The change in moisture transport is apparently the dominant factor contributing to the precipitation difference in the WAMME models' simulations and in the ensemble mean. Figure 7a , b show the JJAS VIMFC and ET differences, respectively, between Case 80SST and Case 50SST for the ensemble mean. The VIMFC changes between Case 80SST and Case 50SST are consistent with the circulation changes (Figs. 5, 6 ). The wide spread sinking motion between the equator and 15°N (Fig. 6b) are consistent with the negative VIMFC over these areas (Fig. 7a) ; within ~12°N and 16°N and 10°W and 10E°, the relative shallow rising motion (Fig. 6b) compensates for this change. The spatial distributions of the VIMFC difference of the ensemble mean for the global SST effect (Fig. 7a) and each ocean SST effect (not shown) are generally consistent with the regions of large precipitation differences as shown in Fig. 2 but with lower magnitude. These regions include the Sahel, West African coastal area, and central Africa; while the ET changes are mostly confined within the semi-arid Sahelian zone (Fig. 7b) . The averaged ET changes due to each ocean's SST effect are around 0.1 mm day −1 (Table 4 ) and are not shown here. The annual temporal evolutions of VIMFC (Fig. 8a-c) for the global and Pacific and Indian ocean's SST effect are also very much consistent with the precipitation evolution, which moves from 5°S to 20°N then retreats in the annual evolution. For instance, the Indian SST effect shows large impact before the monsoon season while the Pacific SST effect shows large impact during the monsoon season and after the monsoon retreat. The changes of ET rates show less latitudinal movement, limited to within the semi-arid area between 5°N to 20°N (Fig. 8d) , and large reduction occurs after the monsoon season. This confirms that the change in moisture flux convergence, which is closely related to the circulation change, is probably the main mechanism causing the rainfall change in these experiments.
The SST influences the large scale circulation and MFC, which interact with cloud then affecting the surface energy balances. About 90 % of Sahel rainfall comes from intense, organized convective activity (Mathon et al. 2002) . In addition, low-level continental stratus clouds frequently occur over large regions of southern West Africa during the WAM wet season (Stein et al. 2011; Schrage and Fink 2012) . Associated with the widespread relative sinking motion (Fig. 6b) , the cloud cover in the ensemble mean is reduced in Case 80SST, especially during the early spring and during the monsoon season (Fig. 9a) , in association with enhanced downward shortwave radiation (Fig. 9b) . Corresponding to this enhancement, the upward shortwave radiation is increased by a fraction depending on the surface albedo over the land area (north of 5°N) (Fig. 9c) . Over the ocean (south of 5°N in the figure), the change in upward shortwave radiation is very small because of the low albedo. The reduction of downward longwave radiation in the area to the north (~10°N-15°N, Fig. 9d ) is primarily due to a decrease in cloudiness. To the south of this area, there is not much change in downward longwave radiation as enhanced humidity due to the rising motion near the surface layer may compensate for the effect of reduced cloud cover. The upward longwave radiation changes (Fig. 9e) are consistent with the surface temperature changes and will be discussed next. The overall net radiation changes (Fig. 9f) exhibit a dipole pattern: to the south of ~10°N, the increased downward short wave radiation is dominant, while to the north of this latitude, the reduced downward long wave radiation and enhanced upward long wave radiation are dominant. Over the Reference Area in JJAS, the net radiation reduction is Table 5 summarizes these changes in the JJAS radiation component averaged over the Reference Area. The changes in annual radiation are similar to those in JJAS.
The temporal evolution of surface temperature changes shows a dipole pattern (Fig. 10a, b) . To the north of 15°N, the reduction in net radiation is dominant such that the surface temperature becomes cooler, mainly in fall, winter, and early spring. To the south, the changes in surface energy balance are dominant (Table 5) ; the increase in surface temperature is consistent with the temporal evolution of increased downward shortwave radiation (Fig. 9b) and reduced latent heat flux (Fig. 9h) . This feature appears to be quite robust as every WAMME II model produces a warming over this area (Table 3) , consistent with the observed warming that is based on the CPC GTS data in the Sahel during the 1980s (Table 5 ). Based on the analyses of surface temperature modes and their relationship with precipitation evolution in the WAMME I experiment, we identify two summer temperature modes (Xue et al. 2010a) : the Sahara mode (mostly covering the Sahara area between 20°N and 30°N) and the Sahel Mode (mostly covering the Sahel area between 10°N and 20°N). The crucial role of the Sahara Heat Low in WAM development is well known (Lavaysse et al. 2009 : Biasutti et al. 2009 Evan et al. 2015) and corresponds to the Sahara mode. Meanwhile, the WAMME I results also reveal the important role of another mode, the Sahel mode, and show that the summer WAM precipitation northward movement/retreat is closely associated with an enhanced/weakened Sahara mode and a weakened/enhanced Sahel mode. In this study, the simulated Fig. 9 Simulated temporal evolution of surface energy components differences between Case 80SST and Case 50SST, a total cloud cover; b downward short wave radiation; c upward short wave radiation; d downward long wave radiation; e upward long wave radiation; f surface net radiation; g sensible heat flux; h latent heat flux. Units: Total Cloud Cover: %; Others: W m −2 rainfall reduction due to SST effects in the 1980s is also associated with the enhanced Sahel mode and weakened Sahara mode (Fig. 10a, b ), in agreement with the WAMME I discoveries. The observed surface temperature in Sahara did not show substantial warming before the 1980s. The effects of the SST and the greenhouse gases on the surface temperature over Sahara seem to have opposite sign before the 1980s. These two modes' changes are the results of the surface energy balance, which are closely related to the circulation/cloud cover change, and also provide a feedback to the changes in WAM precipitation evolution. The present study shows that such dipole changes occur not only during summer (Fig. 10a, b) , but also during pre-monsoon development and monsoon retreat. It is a further task to explore how changes in the pre-monsoon season contribute to changes in the circulation and then the summer drought. None of the individual ocean basins seem to contribute dominantly to the surface temperature anomaly patterns (not shown).
Characteristics of LULCC effect
In the LULCC experiment, we impose a simple LULCC scheme, which represents a maximum feasible scenario. The LULCC data (Hurtt et al. 2006) are prescribed only over West Africa in order to isolate the regional impacts. The areas having conversion from natural vegetation cover are shown in Fig. 11a , which defines the LULCC mask. We then impose a simple set of land class change rules within this area, which is applied to the input land cover datasets for several GCMs. After imposing the LULCC experimental scenario, broadleaf trees decrease by upwards of 30 %, and grasses decrease by approximately half that value; shrublands decrease in the northern Sahel but increase to the south (mostly in place of decreased forest). The bare soil fraction increases upwards of 30 %. Consequently, these land cover changes result in corresponding changes in land surface variables. For instance, the increase of local albedo reaches as high as 0.10 over some areas, but the average (Fig. 11b) ; the leaf area index (LAI) is also changed accordingly as shown in Fig. 11c . More comprehensive and detailed discussions on the LULCC experiment and its results are presented in Boone et al. (2015, this special issue) . In this paper, we show the difference between Case LULCC and Case CTL, which uses a normal or climatology vegetation map, to highlight the LULCC effect. The JJAS precipitation differences between Case LULCC and Case CTL in Fig. 12a show the land forcing effect. The maximum impact is generally in the land degradation area as shown in Fig. 11a with West Africa having the strongest anomaly. South of this region there are some positive anomalies. Since the LULCC and SST forcings produce very similar spatial patterns, it is sometimes hard to distinguish the contribution of each one to the anomaly patterns shown in Fig. 2b . While the SST effects in most individual models and in the multi-model ensemble mean feature the strongest rainfall deficit signal in the western part of Central Africa, the LULCC effects feature a wet signal there. This wet signal is a feature in the observed precipitation anomalies accompanying the 1980s Sahel drought that cannot result from SST effects in most models. Moreover, the SST impact is apparently larger than that of the LULCC. When we impose the maximum feasible forcing for each case, the SST could produce up to 60 % of the observed precipitation difference between the 1980s and the 1950s and LULCC produces less but still a substantial amount of observed precipitation difference for the same time period, 43 % (Table 4) . In this study we use precipitation anomalies between the 1980s and the 1950s to characterize the Sahel 1980s drought. In the simulations, the SST and LULCC forcings both are prescribed all year long. However, in the SST experiment the precipitation anomaly starts developing from winter near the equator and follows the ITCZ movement afterward (Fig. 3k ). In contrast, the precipitation anomaly associated with the LULCC starts developing only when the precipitation band moves to the region where the forcing is applied (Fig. 12b) , with the maximum response in the summer monsoon months. These features highlight the role of SST in triggering the Sahel drought and the role of land surface processes in responding to and amplifying the drought.
In contrast with the SST effect, the sea level pressure in Case LULCC shows no noticeable changes over the Sahara but weakens over West Africa (Fig. 13a) . The wind from the Bay of Guinea becomes weaker (Fig. 13a) . The circulation change due to LULCC is mainly within the 5°N-20°N latitude band with a very similar pattern to what the SST forcing does. A strong sinking or weakened rising motion between 15°N and 20°N is presented (Fig. 13b) . The SST effect on precipitation is mostly through change in VIMFC with the ratio of VIMFC and precipitation change being ) and SLP (hPa) between Case LULCC and Case CTL; b latitude-height cross section of JJAS difference streamline (v, −100 × w) averaged between 10°W and 10°E between Case LULCC and Case CTL at about 65 % during the monsoon season, while in Case LULCC this ratio is about 54 %, suggesting that local ET plays a more important role in the LULCC Case (Table 4 ; Fig. 14) . The change in ET in Case LULCC is obviously larger than the one with SST effect (Figs. 7b and 14b ) but with no latitudinal temporal movement (Fig. 14d) . The LULCC affects the surface energy and water balances, which then modify the large-scale circulation. Compared with the SST effect, the upward short wave radiation in Case LULCC is substantially higher due to high surface albedo in the land degradation areas. Thus, the net radiation decreases over the Reference Area (Table 5 ). The reduction in latent heat flux, however, dominates the change of surface temperature resulting in high surface temperature, which is similar to the SST effect over this semiarid area. In contrast with the SST effect, the changes in the Sahel mode of the surface temperature are dominant (Fig. 12c, d ). There is no noticeable change in the Sahara mode in the LULCC experiment.
Discussions and conclusions
The present paper presents the major results of the WAMME II SST experiment with an inclusion of the comparison between impacts of SST and LULCC effects. This is the first multi-model experiment specifically designed to simultaneously evaluate the relative contribution of multiple external forcings to the Sahel drought. Furthermore, the impacts of SST anomalies in the world ocean as well as in individual oceans basins are examined. To test the SST effect of each ocean, we subtract its SST anomaly from the global ocean forcing experiment. There is a caveat in our approach in testing SST effect due to specified SST. A full assessment of these effects will require using a coupled ocean-atmosphereland model. Moreover, the results presented in this study shows that due to the GCM resolution, some intra-seasonal variability, such as WAM jump, as well as the spatial pattern of WAM anomaly, including its heterogeneity, are not well simulated (Figs. 2, 3) . Although this paper focuses on the seasonal and decadal variations, the extent to which the deficiencies in intraseasonal simulation influences understanding of WAM seasonal variability and its link to the decadal variability, and whether the RCMs will help the WAM simulations and understanding in these aspects need further investigation.
The WAMME II experimental design also addresses the aerosol effects. Aerosols have been proposed as a factor contributing to late twentieth century drought in the Sahel via direct and indirect effects (e.g., Yoshioka et al. 2007; Kim et al. 2010; Ackerley et al. 2011; Booth et al. 2012; Zhang et al. 2013) . The WAMME II has applied two aerosol data for the WAMME II aerosol experiment: GOCART data (Chin et al. 2014 ) and the data from the Model of Atmospheric Transport and Chemistry Luo et al. 2003) . In view of the reduced number of ensemble members in the aerosol experiment, however, we have only compared the SST and LULCC effects. Aerosol effects from individual model are presented in the papers by Gu et al. (2015) in this special issue. More multi-model experiments on the aerosol effects are necessary to allow for understand its impact.
In the LULCC experiment, the extent of the perturbation in the model's boundary conditions is based on historical data, but heterogeneity in land degradation (Xue et al. 2004a ) is ignored. Furthermore, no different degrees of land degradation are considered. This experimental design, therefore, may exaggerate land effects. However, in addition to anthropogenic land use change, the natural vegetation conditions also present evidence of responding to the Sahel decadal rainfall variability. For instance, it has been shown that an increase in rainfall and the satellite derived Normalized Difference Vegetation Index (NDVI) over the northern edge of the WAM rain belt is associated with the recovery of the Sahel drought since the 1980s, when satellite data first became available (Anyamb and Tucker 2005; Herrmanna et al. 2005; Jarlan et al. 2005; Govaerts and Lattanzio 2008; Hiernaux et al. 2009; Dardel et al. 2014) . The NDVI-derived leaf area index (LAI) shows similar trends (Song 2013 ). Although we have no observed largescale vegetation condition data before 1980, a decreasing LAI trend from the 1950s to the 1980s has been confirmed and identified by a product based on a biophysical/ dynamic vegetation model (Fig. 11d , Cox et al. 2001; Song 2013; Zhang et al. 2015) . Consistent with the LAI changes, another dynamic vegetation model produces interdecadal variability in surface albedo in the Sahel (Kucharski et al. 2013) . Using results from a GCM, Wang et al. (2004) demonstrated that dynamic vegetation-climate interactions enhance the severity of an SST-induced drought in the 2nd half of the twentieth century. Therefore, despite we may overestimate the LULCC situation between the 1980s and the 1950s, which nevertheless is based on the best current available knowledge on this issue, the land degradation due to natural vegetation variability caused by the dry trend from the 1950s to the 1980s is not included. We believe that the imposed land forcing in the WAMME II should provide a reasonable assessment of land effects.
Moreover, land surface processes include many biogeophysical and biogeochemical processes, such as radiative transfer at the canopy, soil moisture, turbulence at the surface layer, photosynthesis, etc. (e.g., Zeng et al. 1999; Xue et al. 2004b Xue et al. , 2010b Koster et al. 2004; Ma et al. 2013) . The SST effects considered in this paper include the land surface biogeophysical and soil moisture effects as presented in our discussions on surface water and energy balances (Figs. 7, 8, 9, 10 ). These aspects are not comprehensively investigated in the present study. More experiments tackling multiple external forcings with different experiment designs are necessary to explore these issues further.
As presented in this and other papers (e.g., Boone et al. 2015; Wang et al. 2015 , in this special issue), the model results submitted to the WAMME II broadly agree on the important role played by SST anomalies and LULCC in WAM. Among the different ocean basins, the results suggest that the Indian Ocean SST anomalies have the largest impact during the precipitation anomaly development during the winter and spring, while the Pacific Ocean SST anomalies greatly contribute to the summer decadal precipitation anomalies. The consensus on the global SST effect on annual evolution of precipitation anomalies over West Africa suggests a potential predictability of WAM development linked to SST variability. More modeling and analyses studies are necessary to explore these issues further.
This study confirms the conjecture that the Sahel dry period in the 1980s resulted primarily from remote effects of SST anomalies amplified by local land surface/atmospheric interactions. The WAMME II results indicate that land surface processes are, similarly to SST, a first order contributor to the Sahel drought of the 1980s and to the West African climate system in general. The results of this study suggest that when each ocean's SST and land influences combine synergistically to favor drought, catastrophic consequences are likely to happen in certain regions. Similar phenomena have also appeared in East Asia and in the U.S. Southern Great Plains (Xue 1996; Xue et al. 2005 Xue et al. , 2016 . Since the SST and land forcing in the real world are likely smaller than specified in this study, further investigations on the effects of aerosols as well as of other external forcings, such as greenhouse gases, and of atmospheric internal variability, are necessary.
It is also shown that SST and land effects share many common characteristics in affecting the simulated Sahel precipitation decadal anomalies (e.g., Figs. 2k, 3k, , 6b, 7a, b, 11a, 12b, 13b, 14a, b) . This raises the difficulty of separating these two effects locally in the real world. However, the outputs of WAMME II models nevertheless reveal some different characteristics of how these two forcings affect the development of precipitation anomalies and affect the surface energy and water balances as well as other climate features. More comprehensive observational data and analyses with more components plus modeling study should help to identify and improve understanding of the natural and anthropogenic causes and guide models' development and improvement.
Finally, although the WAMME models are broadly consistent on the effects of the global SST and Pacific and Indian SST, large discrepancies exist regarding the effects of Atlantic SST. Similarly, the models are unable to reach agreement on the Mediterranean SST effect. Due to the scope of this paper, we mainly report the results with consensus among the WAMME II models. A large number of issues that require further studies remain open. For example, why does the Indian SST greatly affect the WAM onset? Also, the WAMME II results show that the models have different responses to the 1950s SST and the 1980s SST (not discussed in this paper). We cannot cover all these issues within the scope of this paper. We wish this paper will serve to stimulate further analysis of these simulations, as well as suggest new research on different external forcing's effect and dynamic and physical mechanisms contributing to the Sahel decadal variability and drought. The WAMME I (Xue et al. 2010a ) and this WAMME II experiment have generated large amounts of data that are available for public use. The WAMME I data are available at the NCAR database (openly available to the scientific community (http://data.eol.ucar.edu/ master_list/?project=WAMME), and WAMME II data are available at the AMMA data base (ftp.bddamma.ipsl.polytechnique.fr). The work presented only uses a small portion of these data sets. More studies utilizing these data sets are highly encouraged. ) due to Mediterranean SST anomaly
